The tightening quality of bolts has a substantial impact on the overall assembly quality. Existing studies have analysed the quality of bolt assembly in terms of static factors such as the friction coefficient of the joint surface and the shape and structure of the assembly. However, there is a lack of research on the influence of vibration and vibration energy propagation in a bolt assembly on assembly quality. To comprehensively consider the coupling effect of static deformation and dynamic energy propagation on assembly quality, a coupled model of deformation and energy combining a near-field attenuation radiation model and wave propagation model was proposed to explain the attenuation effects of the bolt-tightening process on other bolts. Moreover, a weighting method based on determination coefficients was put forward to select the best fitting parameters of the coupled model. Finally, a wheel-type part test-bed was built, and a bolt tightening experiment was carried out to determine the evolution of bolt attenuation. The theoretical and experimental attenuation values of the tightening process were compared and the results are in good agreement. Therefore, this model can be used to predict the attenuation law of the bolt pre-tightening force in multi-bolt assemblies.
I. INTRODUCTION
When assembling parts with high-strength bolts, the workpiece surface deformation caused by the large tightening torque will affect the pre-tightening force of the assembled bolts on the workpiece surface [1] . To avoid pre-tightening force attenuation of assembled bolts during high-strength bolt tightening, a second tightening step is often implemented after all the bolts have been tightened to ensure adequate tightening, but this method will increase assembly time and reduce assembly efficiency [2] .
The attenuation of the pre-tightening force of a tightened bolt during the tightening process is mainly due to the The associate editor coordinating the review of this manuscript and approving it for publication was Yilun Shang . deformation of different parts of the assembly, which is influenced by several factors, including the stiffness and material [3] . Specifically, the type of bolt can greatly influence the pre-tightening behavior and modelling, which make the attenuation value of pre-tightening force of a tightened bolt difficult to predict. For example, D'Aniello et al. [4] , [5] considered the difference between the force-displacement responses of HV and HR bolts, and studied the tightening behavior of bolts of different types by finite element method and experimental method. The study of contact surface deformation during bolt tightening is helpful to understand the law of pre-tightening force attenuation. The earliest method used in deformation research was multivariate regression analysis [6] , which describes the correlation between one or more factors and deformation by establishing a mathematical VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ relationship between them. For example, Nah et al. [7] built an equation to estimate the pre-tightening force considering temperature variation by regression analysis. Li et al. [8] applied regression analysis to the assembly field and combined a regression analysis algorithm with a support vector machine to improve the prediction accuracy of regression analysis. However, this method requires some skill and experience in expression selection. Subsequently, some databased methods, such as the complex variable approach [9] , finite element method [10] , [11] and experiment-based method [12] etc., have been developed to analyse the bolt load distribution of composite multi-bolt joints. The above methods are classified as data analysis-based methods because model building depends on numerical analysis. For example, Liu et al. [13] made a probabilistic analysis of the bolt load distribution based on the spring-based method, in which numerous and repeated sampling is required. Chen et al. [14] conducted the non-linear anti-sliding analysis of multi-bolt clamps by numerical simulation. In addition to deformation analysis based on data, some scholars have attempted to establish mathematical theoretical models to describe the law of deformation from the elastic interaction mechanism [15] , [16] , contact theory and so on. Li et al. [17] established the generalized mathematical model for evaluating residual preload of bolts considering elastic interaction between bolts . Wang et al. [18] established an elastic interaction stiffness model to study the effect of interaction stiffness on the preload variation in tightened bolts. Nassar and Yang [19] proposed a novel formulation of the elastic interaction of multiple bolts to develop tightening strategies. Wang et al. [20] employed fractal contact theory to calculate the mechanical impedance of bolt connections under various preloads. Gu et al. [21] applied a coordinated deformation mechanics model to analyse the influence of bolt spacing and length on assembly stability. Several references [22] - [24] successfully used the Iwan model to establish the dissipation behaviour of bolt structures stimulated by external forces. The bolt force loosening model proposed by Fort et al. [25] predicted the occurrence of bolt selfloosening. Zhu et al. [26] developed an analytical model to evaluate the elastic interaction of multi-bolt joints subjected to multi-pass tightening patterns. Ruan et al. [27] proposed a theoretical model based on transversely isotropic material and the generalized Hook's law to predict the attenuation values of the bolt clamping force and the corresponding parameters. The above-mentioned literature represent in-depth research on the theory of elastic interaction, but the research on the plastic deformation generated during the tightening process has not been thoroughly studied theoretically.
Moreover, some scholars have found through experimental observations that the most common attenuation mechanism of bolt connections is related to the vibration energy propagation of bolts [28] . During the bolt tightening process, vibration waves are generated by bolt vibration. When a vibration wave propagates in a medium, kinetic energy and deformation potential energy are generated. The sum of kinetic energy and potential energy is vibration energy [29] . Due to the strong coordination between bolts and assemblies, vibration wave propagating occurs around the elastic medium of assemblies, so energy propagation of the wave is generated. During the tightening process of high-strength bolts, the irregular energy propagation within the connecting parts caused by strong torque will also have the effect of ''self-loosening'' on the tightened bolts within the assembly. Basava and Hess [30] verified that the bolt preload disappeared instantaneously due to the existence of vibration energy propagation. Regarding the influence of vibration energy propagation on bolt preload, there are many studies on the influence of long-time energy fluctuations and instantaneous energy fluctuations on bolt preload. For example, Doebling et al. [31] studied the effect of explosive vibration energy propagation on the surface of thread pairs. Zadoks and Yu [32] researched the effect of continuous transverse vibration energy propagation on the attenuation of bolt preload. Takatori et al. [33] studied the effect of continuous vertical vibration energy propagation on particle behaviour and mechanism transformation. However, the energy produced by bolt tightening is between instantaneous vibration and long-term vibration. The energy produced by bolt tightening is a kind of continuous, nonlinear energy with a short duration, and related research is limited. Some scholars have shown through experiments that the natural frequencies of the connectors will increase as bolts are tightened, which means that the internal energy of the connectors will change during the bolt-tightening process [34] . Therefore, due to the transmission of energy during bolt tightening, the pre-tightening force of certain bolts will be attenuated when other bolts are tightened. Some scholars [35] studied the influence of energy transmission on the surrounding medium by varying the amplitude. Studies often couple the effects of deformation and vibration during bolt tightening on the attenuation of the pre-tightening force of other bolts. In research on vibration energy propagation during bolt tightening, scholars have focus on the influence of vibration energy propagation on bolts during trial operations after assembly. For example, many references [36] , [37] utilized computer-aided engineering (CAE) software to analyse the mechanism of bolt self-loosening and provide a preevaluation model for the assembly design stage, but the influence of vibration energy on bolt pre-tightening force could not be ignored. Experimental investigations have shown that in the process of assembling parts with high-strength bolts under torques exceeding 200 N·m, the pre-tightening torque of the assembled bolts can be as high as 20-40 N·m. Therefore, it is necessary to study the influence of the bolttightening attenuation process.
In summary, the research on the effect of force attenuation on an assembly during bolt tightening can be divided into two categories: data analysis [38] - [40] and theoretical analysis [36] , [41] , [42] . The data analysis method is a results-based analysis method, but data should be sampled to fit the model parameters or to establish a finite element model. The theoretical analysis method is based on physical principles for modelling and analysis, but the cost of model construction is high because there are many factors in the actual environment that should be considered in the model. This paper combines the sensitivity of the data analysis method and the interpretability of the theoretical analysis model and establishes a physical-data comprehensive analysis model by combining these two methods. In addition, the coupled effect of deformation and vibration will be considered in the physical model. This paper first introduced the current situation and progress of research on the bolt tightening quality problem. The second part establishes a coupled model regarding two aspects: deformation and vibration energy propagation. In this model, the elastic mechanics model is used to establish the influence model of the deformation on the bolt, and the wave propagation model is used to establish the influence of energy on the tightened bolt. The coupled model proposed is a combination of the above-mentioned two models. The third part presents the experimental verification of the coupled model. In the experiment, a simulation model and a test bench are built to assess the feasibility and effectiveness of the proposed model. The fourth part concludes this study.
II. MODELLING OF THE BOLT-TIGHTENING FORCE ATTENUATION
Wheel-type parts refer to assemblies with structures similar to the wheels of vehicles, which have an array of circumferentially arranged bolt holes on the end face. The purpose of this section is to analyse the effect of the magnitude and position of the tightening force of one bolt on the pre-tightening force of other bolts.
A. SUBSIDENCE MODEL
The deformation of a workpiece surface caused by the bolttightening process will decrease the pre-tightening force of other bolts on the workpiece surface. A mechanical analysis of the contact surface deformation during the tightening process can theoretically establish a mathematical relationship between the torque, the bolt spacing and the pre-tightening force attenuation. During the bolt-tightening process, the workpiece surface is deformed as shown in Fig. 1 . The surface in contact with the gasket is a uniform load application area, which is the main cause of contact surface deformation. The uniform load is formed by the pretightening force during the tightening process. The surface that is not in contact with the gasket is not directly subjected to force, but it is still deformed due to its proximity to the force. In this paper, the relationship between the uniform load and the deformation in each region is established by using the theory of elasticity. Suppose that the upper plane of a semiinfinite body (a hemisphere with an infinite radius) acts on a centralized normal force in a circular region with radius r and that the corresponding pressure per unit area is q. Fig. 2 (a) shows the equivalent model of the gasket acting on the surface of the part. The gasket provides uniform force to the surface of the equivalent body. In Fig. 2 , o is the centre of the uniform load, r is the radius of the uniform load, G is a subsidence point outside the load, the small black rectangle in Fig. 2 is a differential area in the uniform load, and dh is the length of the differential area.
φ is the angle between the connection of point G to a differential block under a uniform load and the connection of point G to the origin of the uniform load o. dφ is the angle between the connection of point G to an upper edge of the differential block and lower edge of the differential block under a uniform load, h is the distance between the G point and the differential block under a uniformly distributed load. The connection of point G and the differential block intersects the uniform load boundary at two points, a and b. θ denotes the angle between line aG and line Ao. Fig. 2 (b) shows the geometric relationship of points outside the loading area affected by the deformation of uniformly distributed loads. Point G is located outside the load circle with radius r. A constitutive equation is established according to the elastic mechanics, and the equation is simplified by Love's displacement function. Then, the subsidence value J (G) from the dh segment to point G, which is generated by the normal force, can be acquired as follows:
where J is a function of the subsidence value, v is the Poisson's ratio of the equivalent model, q is a uniform load (N /m 2 ), h is the distance between the target point and the differential block under a uniformly distributed load, φ is the angle between the connection of point G to the differential block under a uniform load and the connection of point G to the origin of the uniform load, and E is the modulus of elasticity of the equivalent model. The total subsidence value J total of point G can be obtained by the integral method.
Formula (3) can be obtained from the Pythagorean theorem:
By combining formulas (2) and (3), we can obtain formula (4):
where φ max is the angle between the tangent of the circle passing point G and the line oG. Since the angle value φ max changes as the position of G changes, the value is mathematically transformed, and the conversion process is as follows:
Substituting formula (5) into the dφ relation yields formula (6):
Since the corner θ is on the circle, θ max = π 2 . By combining formulas (4) and (6), formula (7) can be obtained:
The elliptic integral term in formula (7) is very complex.
Numerical analysis [43] shows that the first integral term belongs to Legendre's complete elliptic integral of the second kind and the second integral term belongs to Legendre's complete elliptic integral of the first kind. Assume r D = m.The series of elliptic integrals then can be expanded as follows:
Since 0 ≤ sin θ ≤ 1, the higher order term of the series expansion can be neglected, so we retain only the quadratic term of the series, and the subsidence formula can be obtained:
Since D > r, the formula for calculating the maximum subsidence value can be expressed as follows.
Formula (11) above shows that the uniform load q and the distance D from the target point to the uniform load centre are linearly related to the total subsidence value. However, the bolt pre-tightening force is affected by not only the deformation of the part surface but also the vibration energy generated by the tightening force, which can propagate to tightened bolts, resulting in the failure of the pretightening force of the tightened bolt.
B. NEAR-FIELD ATTENUATION RADIATION MODEL
For bolts in wheel-type parts, the damping effect on the pretightening force during the tightening process is mainly due to the strong pre-tightening force and the friction force acting on the surface of the parts during the tightening process, which causes compressive part deformation. Although the force that causes the part to deform acts on only the centre of the bolt being tightened, the influence of the vibration energy produced during the bolt-tightening process can radiate to the surrounding area, and the influence of the vibration energy is smaller farther from the centre of the applied force. To simulate the influence of the position and torque of the applied force on the pre-tightening force of the surrounding bolts, this paper proposes a near-field attenuation radiation model based on the wave propagation model.
O is the centre of vibration, G is the target point, D is the distance from the source O to the target point G ; θ and φ represent the spatial azimuth and elevation angle of the target point G in relation to the source O , respectively.
The wave propagation model is as follows. [44] :
where m is the wave propagation speed in the medium; and G is the wave equation of the target point, which is related to D and time t (i.e., this equation can be expressed as G D , t . The wave equation for point G can be solved by the above formula:
where W and z are constants and λ is the angular frequency of the wave.
According to vibration theory, the energy of a wave source propagating to point G can be obtained with the following formula:
where k and W are coefficients and D is the distance between the wave source and the target point.
Because the attenuation of the pre-tightening force of the bolt is visually represented as the axial deformation of the bolt, to facilitate the comparative analysis of the experiment, the axial deformation of the bolt is used to reflect the pretightening force of the bolt. Considering that the subsidence deformation during the tightening process and the vibration energy have a positive correlation with the attenuation of the pre-tightening force of the tightened bolt, the attenuation coupling formula can be expressed as:
where, B p represents the axial deformation of the pth bolt and W is the coefficient. By combining formulas (11) and (14), the fluctuation attenuation formula can be expressed as follows:
The attenuation formula of the wave is based on the assumption of invariance of the propagating medium, but elastic and plastic deformation will occur under the action of different forces. Therefore, the attenuation formula of the wave cannot be fully applied to the attenuation formula of the pretightening force in the bolt-tightening process. According to the characteristics of torque application, in the elastic deformation zone of parts, a linear relationship exists between the torque and the deformation at a distance, which is consistent with the theory of wave propagation. However, in the plastic deformation zone, the influence of the torque on the deformation at a distance will exhibit strong non-linearity. Based on this practical experience, this paper combines a theoretical wave attenuation formula with a multiple regression analysis to build a mathematical model for the attenuation law of bolt pre-tightening force. This mathematical model of attenuation law is established by combining the vibration energy propagation equation, the deformation propagation equation and the elastic-plastic theory. The formula can ensure that the attenuation effect linearly changes with the magnitude of the torque when the torque is small, whereas when the torque is too large, this relationship will become non-linear. where B p (r) represents the axial deformation of the pth bolt, r i represents the vector coordinate value of the ith bolt being tightened, r i indicates the distance from the origin of the ith bolt being tightened, r p represents the pth bolt vector coordinate that has been tightened, r p indicates the distance from the origin of the pth bolt that has been tightened, θ represents the angle between r i and the positive y coordinate direction, N is the number of bolts that have been tightened, M i represents the torque applied to the bolt, and d p,i denotes the Euclidean distance between the ith bolt being tightened and the p th bolt that has been tightened. A, Band C are fitting coefficients.
C. SIMULATION OF DEFORMATION
For a more comprehensive understanding of the presented model, a static structural simulation model is built in ANSYS. The simulation model is a multi-hole wheel-type part, and the front view and top view of this part are shown in Fig. 4 . In the simulation model, the wheel hub, bolts and gaskets are all made of structural steel with a yield limit of 235 MPa, and the friction coefficients of the thread pair and the nut surface are both set to 0.2. By applying a torque of 0 to 260 N·m to one bolt, the approximate average deformation of a circumference point 50 mm away from the bolt was observed, one simulation result is shown in Fig.5 . Fig. 6 shows that in the torque range of 0-20 N·m, there is no deformation effect at the selected point. In the torque range of 20-260 N·m, the deformation of the selected point is linearly related to the torque. The relationship between the deformation outside the force zone and the torque is linear in the simulation results. The simulation result is in accordance with formula (11) . In this simulation method, only the static impact of the model is considered. To reveal the influence of vibration energy transmission on transformation and verify the correctness of the near-field mathematical model of the attenuation law, a physical model (which is described in the next section) was built to verify formula (14) . Moreover, the environmental temperature, part stiffness, lubrication degree and other factors can also be integrated into the model to improve the accuracy of the results in the future.
III. EXPERIMENTS AND VERIFICATION A. EXPERIMENTAL APPROACH
The correctness of the near-field attenuated radiation model was verified by setting up a wheel-type test bench and carrying out an experimental analysis. The physical test bench and the corresponding bolt holes are shown in Fig. 7 . The assembly is simplified to a hollow shape to reduce the mass and make room for pasting foil strain gauges on each bolt.
In the practical assembly process of a 13-hole armoured wheel hub, the bolts numbered 1 and 2 were first tightened by a torque of 250 N·m, and then foil strain gauges were attached to the smooth shaft surfaces of bolts 1 and 2. After installing the strain gauges, bolts 3, 4, 5, 6 and 7 were sequentially tightened by increasing the torque from 0 to 250 N·m. The data collected by the foil strain gauges on bolts 1 and 2 are micro-strains. After obtaining the micro-strain data, the pretightening force of the bolt can be deduced from formulas, which can reflect the influence of the magnitude and position of the torque on the pre-tightening force attenuation of tightened bolts. The test-bed system is shown in Fig. 8 . High strength bolts made of 38 chromium silicon are used for tightening experiments with a property class of 10.9 (Nominal diameter is 16mm). The material of flange is ZL205A. The strain instrument adopts a static test and analysis system with a sampling rate of 1 HZ. The measuring strain range is ±20000µε, the system indication error is not more than 0.5%±3µε, and the maximum torque of the tightening shaft is 300 N·m. The tightening torque accuracy is less than 5% and the torque resolution is at most 0.1N·m. The deformation maps collected by the strain gauges are shown in Fig. 9 (note that micro-strain is dimensionless). Fig. 9 shows the deformation tendency of bolts 1 and 2 while tightening (a) bolt 3, (b) bolt 4, (c) bolt 5, (d) bolt 6, and (e) bolt 7 sequentially from 0 N·m to 250 N·m. In theory, the bolt attenuation curve is a stable decay process over time, but the vibration and other factors of the tightening process create noise during signal acquisition, which makes the experimental strain diagram irregular. Therefore, a noise filtering method is used to maintain the stability of the attenuation curve.
Considering the influence of noise and the environmental interference on the measurement results, the collected data are filtered by a median filter, and the filtered data are displayed in the graph as yellow and green curves. Fig. 9 shows that as the torque increases linearly, the strain change in the tightened bolt exhibits a characteristic of rapid growth and convergence to a stable value. Since the strain value of each bolt is known, the median filtered strain points can be used to fit the parameters A, B, and C of the established near-field attenuation radiation model(formula 17). The fitting is shown in Fig. 10 , which was plotted by using MATLAB. Fig. 10 shows the effects of tightening (a and b) bolt 3, (c and d) bolt 4, (e and f) bolt 5, (g and h) bolt 6, and (i and j) bolt 7 on the axial micro-strain values of bolt 1 and bolt 2, respectively.
The fitting results are shown in Table 1 and are calculated by the fitting curve function in MATLAB. R is the determination coefficient, which is used to indicate the fitting degree of the fitting curve to the original values. The larger the determination coefficient R is, the greater the contribution of the fitting parameters to the fitting accuracy. Table 1 shows that the determination coefficients R of the different fitting parameters are different, which means that noise still exists after median filtering, but its contribution to the fitting accuracy of parameters is small. To improve the accuracy of the fitting results, a weighting method based on determination coefficients is proposed in this paper. The formulas applied in this method are as follows: Table 1 shows that the determination coefficients R of the different fitting parameters are different, which means that noise still exists after median filtering of the sample, but its contribution to the fitting accuracy of parameters is small. To improve the accuracy of fitting results, a weighting method based on determination coefficients is proposed in this paper. The formulas for this method are as follows:
whereĀ,B, andC represent the average fitting parameters; w ij denotes the weight of the strain fitting result of the ith bolt in the tightening process of the jth bolt; R ij represents the determination factor of the fitting result of the strain of the ith bolt in the tightening process of the jth bolt, and A ij , B ij , and C ij represent the fitting parameters of the strain fitting results of the ith bolt in the tightening process of the jth bolt. From formulas (18)-(21), we can obtainĀ = 6064.95, B = 1.2536, andC = 0.0408. By substituting the weighted fitting result into formula (17) , the micro-strain attenuation equation (formula (22) ) can be obtained as follows: where B p (r) is the axial micro-strain of the pth bolt. According to the strain-torque formula [45] , the relationship between micro-strain and the corresponding torque can be calculated as shown in formula (23) .
where d is the nominal diameter of the thread (mm), E is the elastic modulus of the bolt (MPa), M is the change in the pre-tightening force corresponding to the strain (N·m), ε is strain(dimensionless), and k T is the tightening factor (dimensionless). In this test, E is 210000 MPa, d is 16 mm, and k T is 0.2. The theoretical attenuation value of the pre-tightening force can be obtained by formula (23) when bolts with different serial numbers are tightened.
B. VERIFICATION AND DISCUSSION
For comparative analysis, bolt 1 is first tightened with a torque of 250 N·m, and then bolts 2-7 are tightened in sequence with the same torque as that used in the experiment, and the effect of tightening the bolts at different positions on the pre-tightening force of bolt 1 is observed. In order to verify the correctness of the theoretical formula, the clamping force values of the bolt 1 and the bolt 2 during the tightening process are measured. Firstly, we tighten the bolts 1 and 2 to 250 N·m in order, then measure the clamping force of the bolts 1; Next, we tighten the bolts 1 and 3 to 250 N·m in order, then measure the clamping force of the bolts 1 and so on until the influence of tightening bolt 7 on the clamping force of bolt 1 is measured. The same procedure applies to the pre-tightening force measurement of the bolt 2. The values of the clamping force obtained in the above experiment is shown in Fig.11 . The attenuation trend calculated by using formula (23) and by using the simulation method are compared with the experimental data to verify the reliability of formula (23) . As shown in Fig.12 , the results from the two methods have a high degree of coincidence. Furthermore, to verify the theoretical formula obtained by the weighted method based on determination coefficients, and check if it is more consistent with the actual curve than that obtained by the ordinary fitting method, the torque attenuation curves generated by the first four fitting parameters with the highest determination coefficients were compared. The comparison results are shown in Fig. 13 and Fig. 14 . The weighting method based on the determination coefficients is the smallest among the fitting methods tested, which indicates that the theoretical derivation is accurate.
The pre-tightening force attenuation formula can be applied to the calculation of the pre-tightening force attenuation value of bolts in different positions of wheel-type parts composed of the same or different materials during the bolt-tightening process. Since the attenuation value is also a compensation value, such calculations can help determine the compensating tightening value of bolts in each position to ensure that the pre-tightening forces of all the bolts are maintained at ideal values after one tightening step. The model proposed in this paper can be applied to the compensation of the bolt-tightening process of wheels used in various vehicles, such as tanks, armoured vehicles, and large passenger cars. The proposed model is especially suitable for environments with many bolt holes but limited tightening shafts and stepby-step tightening of bolts.
In addition, the pre-tightening attenuation radiation model is used to obtain the torque compensation value to be added during the bolt tightening process. The significance of this method is that the effect of pre-tightening force attenuation is offset by increasing the value of torque. Sequentially tightening bolts 1-6 with a torque of 250 N·m, creates a reference group, whereas sequentially tightening bolts 1-6 with the compensation torque creates a comparison group. After tightening is finished, the residual pre-tightening force of bolts 1-6 can be calculated based on the bolt micro-strain according to formula (23) . The variation in the residual pretightening force of bolts under the two methods is shown in Fig. 15 . It shows that the residual bolt preload of the added compensation value is stable at approximately 250 N·m. 
IV. CONCLUSION

1.
A pre-tightening attenuation radiation mathematic model was established to compensate for the relaxation of tightening torque during multi-bolt hole assembly. Through experimental analysis, the residual pre-tightening force of all bolts can be offset by the tightening torque of the compensating bolt. 2. During the tightening of wheel-type parts, the pretightening force of the bolts that have been tightened will be affected by the torque of the bolt being tightened and will decrease as the torque increases. The degree of decline is inversely proportional to the distance between the two bolts and has a negative exponential relationship with the torque. Specifically, when the tightening torque is under the yield limit, the relationship between the attenuated preload and the torque is linear. When the tightening torque is over the yield limit, the relationship between the attenuated preload and the torque is exponential and thus non-linear. 3. The influence of the bolt tightening process on the attenuation of the pre-tightening force of tightened bolts is affected by not only the static deformation of parts caused by the bolt tightening process but also the vibration energy produced during the bolt-tightening process. The effects of deformation and vibration on the attenuation of the pre-tightening force of bolts are coupled. 4. The parameters of the fitting curve of the tightening deformation of bolts at different positions differ greatly, but the trend is the same. The experimental verification shows that the fitting curve can be improved by a weighting method based on determination coefficients.
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